ABSTRACT: Introduction: Pes cavus often signals the presence of Charcot-Marie-Tooth (CMT) in adult patients, although its prevalence in the general population makes it a finding of unclear significance. Methods: We undertook a pilot double cohort study to investigate the feasibility of comparing preselected bedside and radiographic foot measures in pes cavus patients with and without CMT. Results: A total of 16 CMT and 11 non-CMT patients were recruited. Although no findings consistently met statistical significance, recruitment was highly limiting. Conclusions: Formalized foot measurement comparisons of CMT and non-CMT pes cavus are feasible. Larger studies will be necessary to determine if there are differences in foot structure based on the presence of a hereditary neuropathy. 59:122-125, 2019 Charcot-Marie-Tooth (CMT) disease encompasses a constellation of hereditary sensory, motor, and sensorimotor neuropathies, with foot deformities occurring in up to 71% of patients.
a constellation of hereditary sensory, motor, and sensorimotor neuropathies, with foot deformities occurring in up to 71% of patients. 1 Pes cavus (high foot arch) is very common in CMT, ranging from 36% in CMT2A to 63-72% in CMT1A. 1, 2 Conversely, up to 78% of pediatric patients with cavovarus feet are noted to be CMT1A positive, a figure that rises to 91% in the setting of a positive family history. 3 Pes cavus is also common in healthy adults without CMT. One study of 1846 healthy adults in South India demonstrated a prevalence of 10%. 4 Most studies of CMT use set criteria, including radiographic (X-ray angles), 5 quantitative (Foot Posture Index), 6 and exam-based (hindfoot varus, forefoot cavus, and declined first metatarsal) 7 measures and assessments. We conducted a pilot study to assess feasibility and collect preliminary data about the association of certain clinical and radiographic features of the high arched foot and the presence of CMT in adult patients.
MATERIALS AND METHODS
This was a double cohort pilot feasibility study conducted with adult patients from a single center. Inclusion criteria were CMT patients with pes cavus who were genetically confirmed or who had genetically confirmed first-degree family members and were 18 years of age or older. Inclusion criteria for non-CMT patients were pes cavus with no known diagnosis of CMT or other secondary peripheral nervous system cause of pes cavus (e.g., poliomyelitis or muscular dystrophy) and normal distal leg muscle strength testing, nerve conduction studies (unilateral sural sensory and peroneal motor studies), and Utah Early Neuropathy Scale (UENS) scores (< 4). 8 Magnetic resonance imaging of the spinal cord and/or brain were not performed to exclude central nervous system causes of pes cavus, but none of our study subjects showed hyperreflexia on exam. Both samples were identified through chart reviews of the Ohio State University neuromuscular, Muscular Dystrophy Association, and podiatry clinics. Non-CMT patients were retrospectively obtained from the podiatry clinic and were patients who had sought medical attention for various foot or ankle related complaints. Exclusion criteria were a history of any ankle, foot, or toe surgery. Institutional Review Board approval was obtained through The Ohio State University Wexner Medical Center.
The presence of pes cavus was confirmed by a podiatrist who noted the combined presence of hindfoot varus, forefoot cavus, and a declined first metatarsal angle. The presence of hindfoot varus and hammertoes were documented in the weight and non-weight-bearing stances. Navicular drop (weight bearing) was then measured and callus formation noted (FIG. 1) .
CMT patients were stratified for severity by a neurologist who administered the CMT Neuropathy Severity Score version 2 (mild 0-10; moderate 11-20; severe >20). 9 All CMT patients underwent bilateral foot 2-view, weight-bearing X-rays. X-rays for non-CMT patients were also retrieved from the clinical database when available. A second podiatrist then measured prespecified radiographic angles (calcaneal inclination, talar declination, and Meary's angle) for all enrolled patients (both CMT and non-CMT) ( Supplementary FIG. S1 , which is available online).
The association between binary exposures and CMT was assessed using Fisher's exact test. The association between continuous exposures and CMT was assessed using a t-test. Risk and mean differences were calculated with 95% confidence intervals. No formal power analysis is presented due to a lack of previous studies on the topic. Instead, we attempted to enroll 30 CMT and 20 non-CMT patients. Because this is a small feasibility study that was not formally powered, we did not expect to see any statistically significant differences but rather aimed to collect preliminary data. Descriptive statistics were calculated to summarize patient characteristics of CMT and non-CMT patients.
RESULTS
Eighty-six CMT patients were identified. Of those, 15 had foot or toe surgeries and 5 reported pes planus and were thus excluded. Over half of the remaining patients did not have genetic confirmation on further review, could not be contacted by telephone, or declined to participate. Sixteen CMT patients, 24% of those potentially eligible, were enrolled. Twenty-eight patients were contacted for the non-CMT arm, with 11 patients choosing to participate for an enrollment rate of 39%. The CMT subgroup consisted mainly of patients with moderate severity (Table 1) .
Preliminary data on the bedside foot measurements are shown in Table 2 and on the radiographic measurements in Supplementary Table S1 , which is available online. Of all measures, only Meary's angle (in the right foot only) met statistical significance, with the CMT foot angle being narrower than that of the non-CMT foot on the right. This statistically significant finding was not reproduced on the left.
DISCUSSION
Statistical significance was met only for Meary's angle being narrower in the CMT than the non-CMT foot. However, this finding was noted only on the right side, but not the left. This asymmetry was likely due to limited sample size in the non-CMT arm (8 right foot X-rays were available, while only 6 were available for the left). As statistical significance was not met consistently across both feet, no formal conclusion can be made with regard to the discriminative potential of this finding.
X-ray angles provide useful measures of the pes cavus foot. While not serving as absolute cutoffs, ranges classically associated with pes cavus include a Meary's angle >4 (convex upward) or > 18 as well as a calcaneal pitch >30
. 5 In their study correlating radiographic angles with CMT severity, Joo and colleagues found Meary's angle to decrease and the calcaneal pitch to increase in the moderately severe CMT subgroup as compared to mild CMT and controls. 10 While we demonstrated feasibility in comparing CMT and non-CMT pes cavus, our study was limited by recruitment. Identifying patients with genetically proven CMT with pes cavus, but also without a prior history of ankle, toe, or tendon surgery nor significant baseline disability, which would preclude travel, proved to be more challenging than anticipated. For patients that ultimately underwent testing, no challenges were encountered. Karakis and colleagues conducted a similar study in the pediatric population, aimed at uncovering factors predictive of CMT in the pes cavus population. Of note, no statistically significant difference in the incidence of hammertoes between CMT and non-CMT pes cavus was noted (P = 0.30).
11 While such a finding may hold true in pediatric CMT, one cannot assume the same for adults. Adults have more time to develop intrinsic foot muscle denervation and hammertoes. In CMT2, for example, although patients manifest pes cavus earlier in life, 12 the prevalence of hammertoes increases over time. Karakis and colleagues found foot weakness, unsteady gait, signs (not symptoms) of sensory deficits, distal foot atrophy, and absent ankle reflexes, among other things, to be more predictive of a CMT high arch. Callus formation, varus severity, navicular drop, and radiographic angles were not assessed.
The pathophysiology of the CMT arch is rather well understood. The CMT arch is postulated to develop either due to a windlass effect from intrinsic foot muscle denervation 13 or intermuscular imbalance, with the peroneus longus and tibialis posterior overpowering the tibialis anterior and peroneus brevis muscles, respectively (FIG. 1) . 14, 15 The windlass effect is best defined as a shortening of the plantar fascia between the calcaneus and metatarsal, which can elevate the medial longitudinal arch and also 
CMT, Charcot-Marie-Tooth; BMI, body mass index; CMTNS, Charcot-Marie-Tooth Neuropathy Severity.
*Summaries shown are mean (standard deviation) or N (column percentage), as appropriate. † Neuropathy symptom duration is expressed as a percentage of patient's age at time of visit (mean and standard deviation). lead to hammering of the toes. 16 Callus formation may result from weight transfer to the lateral foot border due to progressive pes cavus and foot inversion, as demonstrated experimentally. 17 Non-CMT pes cavus is not defined, as far as we know, by such muscle imbalance or windlass effect.
Despite our best attempts to maintain strict and uniform inclusion criteria, the study was likely biased toward milder pes cavus in both groups. We did not screen for cerebral palsy, spinal dysraphism, or other causes of central nervous system pes cavus, although their presence in our study was unlikely. 18 Our goal was simply to compare CMT with non-CMT pes cavus, fully cognizant of the latter group's heterogeneity.
Given the renewed interest in pes cavus and the orthopaedic management of CMT foot disorders, 1 we believe that such foot measures should be further explored in larger future studies. We believe that our results were most likely imprecise due to small sample size, and that future larger, formally powered, multi-center studies would help definitively assess their discriminative potential.
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